colorless, and the absorption spectra thereof were free from the characteristic absorption band(s) of M-PCSCls or M-PCSs. From this evidence, it was concluded that M-PCS was completely immobilized on silica gels. The amount of M-PCS immobilized was also estimated to be 4 μmol/g from the absorption spectrum of the initial M-PCSCl solution in dioxane. The M-PCSD columns remained unchanged during use for at least one year.
Apparatus
The HPLC system was mainly constructed with a Shimadzu LC-6A pump, a Shimadzu SPD-6AV detector, a Shimadzu Chromatopac C-R6A recorder and a Rheodyne Model 7125 sample injector (Rheodyne, USA). Typical HPLC conditions were as follows: column temperature, ambient; detection, 264 nm, in principle; eluent, 80% methanol at a flow rate of 0.5 ml/min.
Samples
Sample compounds include 1-to 4-membered PAHs (Kanto Kagaku, Tokyo Kasei, Nacalai Tesque and Wako Junyaku, Japan), and anthracene derivatives (Aldrich, Tokyo Kasei and Wako Junyaku, Japan).
Results and Discussion
Metal porphyrin analogs are members of macrocyclic compounds and have a wide-spread π electron cloud. As we previously reported, Ni-and Cu-PCSD columns show different HPLC retention properties in a non-polar eluent, such as nhexane. 12 However, in a polar eluent, a π-π electron interaction related to the hydration energy (solvation energy) possibly occurs between the column and a simple PAH, which unlikely occurs in a non-polar eluent. To investigate the effect of the central-metal on the possible π-π electron interaction, we compared the retention factors (k) of simple PAHs on the Cuand Ni-PCSD columns in 80% methanol. The results are shown in Fig. 2 . As can be seen, the k values of PAHs on these columns become larger as the ring number increases. In contrast to the results in a non-polar eluent, the k values on these columns have a linear correlation. However, the k value on the Ni-PCSD column is about 2-fold larger than that on the Cu-PCSD column. Because Cu-and Ni-PCSs have almost the same scale of electron clouds, the above difference indicates the presence of an additional interaction other than the π-π electron interaction between Ni-PCS and PAHs. In view of coordination chemistry, Cu 2+ and Ni 2+ differ in certain aspects. Although both metals can form six-coordinate complexes, they both formed four-coordinate bonds in the present Cu-and Ni-PCSs. It is well known that Cu 2+ generally forms four-coordinate bonds in a majority of complexes, and hardly forms sixcoordinate bonds due to "Jahn-Teller effect". 15 On the other hand, Ni 2+ is known to readily form four or six-coordinate bonds. 16 Accordingly, in the case of Ni-PCS, which contains Ni 2+ and is readily coordinated, π electrons can easily coordinate to Ni 2+ , which brings about a strong π-d interaction. Since the π-d interaction is of the electrostatic type, the said interaction is unlikely occur in a polar eluent in a direct manner. However, once the Ni-PCS and PAHs bind through the π-π interaction, a hydrophobic environment would appear between them and allow the π-d interaction to occur. If this hypothesis is correct, there must be a linear correlation between the k values in 80% methanol and those in n-hexane. We obtained the k values in these eluents and carefully examined them. As can be seen from Fig. 3 , the k values of PAHs in 80% methanol (a polar eluent) and those in n-hexane (a non-polar eluent) had a linear correlation. This result supported the above hypothesis. Considering the fact that no linear correlation exists between Ni-PCSD and 2-(1-pyrenyl)ethyl-dimetylsilyl-silica gel (PYE) 1036 ANALYTICAL SCIENCES JULY 2006, VOL. 22 columns in n-hexane, 12 Ni-PCS exerts a π-d interaction in 80% methanol as well as in n-hexane. The k values in a polar eluent are smaller than those in a non-polar eluent, demonstrating that the π-d interaction is weaker in a polar eluent. This means that the interaction between a ligand and a molecule having a π electron and taking a planar structure is unexpectedly stronger in n-hexane compared to 80% methanol. These results are of great interest and highly suggestive when we deal with the interactions of biological molecules, for example, "stacking and/or intercalation" in a hydrophobic environment.
On the other hand, the k values in 80% methanol and those in n-hexane were almost in linear correlation in the case of the Cu-PCSD column, mainly based on the π-π electron interaction, as shown in Fig. 4 . Considering that the k values on the Cu-PCSD column showed a linear correlation with those on the PYE column lacking a central metal in n-hexane, 12 the above results indicated that the π-π electron interaction is dominant in 80% methanol.
As we previously reported, 12 anthrathene derivatives having a substituent(s) show similar k values, and cannot be separated in a non-polar eluent. We therefore investigated the retention behavior of anthrathene derivatives on Cu-PCSD and Ni-PCSD in a polar eluent, i.e., 80% or 90% methanol. The results are shown in Figs. 5 and 6. It is clear that the Cu-PCSD retained 9,10-dichloro-anthrathene, and the Ni-PCSD retained three twosubstituted anthrathene derivatives in a polar eluent more strongly than in n-hexane. The k values of the retained anthrathene derivatives are 3-to 5-fold larger than that of anthrathene. These results can be explained as follows: (1) The introduction of a simple substituent(s) into anthrathene does not greatly affect the π-electron system, and therefore an interaction involving π electrons is hardly changed in a non-polar eluent (nhexane). (2) In a polar eluent, when the molecular size is enlarged by introducing the introduction of a substituent(s), more polar molecules are required for hydration or the like, which eventually increases the energy. (3) M-PCSD has a π electron system of sufficient size. It is of great interest that the tested columns can separate anthrathene derivatives in a polar eluent (an aqueous methanol) depending on the molecular size, which are inseparable in a non-polar eluent (n-hexane).
In a previous study, where a non-polar eluent was used, 12 samples having a substituent(s) capable of providing a dipole moment were not examined. In the present study, we conducted an examination using samples having a substituent(s) capable of providing a dipole moment in both polar and non-polar eluents. Table 1 gives the results. In general, a dipole-dipole interaction, one involving electrostatic interactions, is considered to be ineffective in a polar eluent. As can be seen from Table 1 , both the Cu-and Ni-PCSD columns give k values of 2-nitoro-and 1-amino-anthracenes not greatly different from that of anthracene in 80% or 90% methanol. However, the k values of 2-nitoroand 1-amino-anthracenes in n-hexane are 10-fold larger than that of anthracene. Table 1 also shows that a column packed with only the support, Dev, fails to strongly retain these compounds. The results indicate that the strong retention by the Cu-and Ni-PCSD columns is attributable to the interaction with Cu-and Ni-PCS, and not with silica gels. These facts also indicate that the dipole-dipole interaction occurs between 2-nitoro-anthracene and M-PCS only in a non-polar eluent. In this situation, the dipole of M-PCS is provably derived from a bias of charge between the metal and ligand, i.e., M δ+ -N δ-(pyrrole ring).
Conclusion
The present study revealed that, in a polar eluent, the Cu-PCSD column exerts a π-π electron interaction, and that the Ni-PCSD column exerts both the π-π electron interaction and the π-d interaction. It also revealed that both columns have a molecular size-recognition ability in a polar eluent. 1037 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Fig. 5 Correlation of k values of anthracene derivatives on the Cu-PCSD columns in 80% methanol and n-hexane. 2-Cl, 2-chloroanthracene; 2-Et, 2-ethylanthracene; 1-Me, 1-methylanthracene; 9-Br, 9-bromo-anthracene; 9,10-Cl, 9,10-dichloroanthracene. HPLC conditions: column temperature, ambient; detection, 264 nm in principle; a flow rate of 0.5 ml/min. Fig. 6 Correlation of k values of anthracene derivatives on the Ni-PCSD columns in 90% methanol and n-hexane. 2-Cl, 2-chloroanthracene; 2-Et, 2-ethylanthracene; 9-Me, 9-methylanthracene; 9,10-Me, 9,10-dimethylanthracene; 9,10-Cl, 9,10-dichloroanthracene; 9,10-Br, 9,10-dibromoanthracene.
HPLC conditions: column temperature, ambient; detection, 264 nm in principle; a flow rate of 0.5 ml/min. 
